We propose a novel dark matter (DM) detection strategy for the models with non-minimal dark sector. The main ingredients in the underlying DM scenario are a boosted DM particle and a heavier dark sector state. The relativistic DM impinged on target material scatters off inelastically to the heavier state which subsequently decays into DM along with lighter states including visible (Standard Model) particles. The expected signal event, therefore, accompanies a visible signature by the secondary cascade process associated with a recoiling of the target particle, differing from the typical neutrino signal not involving the secondary signature. We then discuss various kinematic features followed by DM detection prospects at large volume neutrino detectors with a model framework where a dark gauge boson is the mediator between the Standard Model particles and DM.
Introduction. A tremendous amount of effort has been made to detect non-gravitational signals of dark matter (DM) in direct detection, indirect detection, and collider experiments. Most of them, however, have provided strong constraints on DM models rather than unambiguous discovery signatures. This fact has recently motivated research programs to study non-conventional DM scenarios such as secluded DM [1] [2] [3] [4] [5] [6] [7] [8] and nonminimal dark sector models including assisted freezeout [9] , boosted DM (BDM) [10] [11] [12] [13] , dark cascade scenarios [14, 15] , multi-component DM [16] [17] [18] [19] [20] [21] [22] [23] , and DM transporting mechanism for cosmic-ray excesses [24] .
Promising strategies to examine those possibilities include the observation of relativistic DM scattering with targets in terrestrial experiments to overcome its small interaction with Standard Model (SM) particles. Relativistic DM particles may arise, for example, by the annihilation of a heavier DM pair (into a lighter DM pair) at the present universe in multi-component DM scenarios or the decay of an energetic mediator created via (proton or electron) beam bombardment on fixed target material. Therefore, large volume neutrino detectors [10] and fixed target experiments with high intensity [25] [26] [27] [28] [29] can probe relevant signals. We remark that the search scheme in both cases is based on simple number counting over the expected number of background events. Indeed, this scheme has intrinsic limitation: in particular for neutrino detectors, it is hard to discern a relativistic scattering signal of DM from a neutrino scattering event, the main irreducible background.
In this letter, we propose a novel channel which takes a key role in search for the relativistic DM scattering signals arising in various models comprising an additional (unstable) dark sector particle. This is schematically de- * Electronic address: doojin.kim@cern. picted in Fig. 1 where the scattered dark sector particle (denoted by χ 2 ) differs from the incoming DM (denoted by χ 1 ), i.e., an inelastic scattering occurs in the recoil of the target. Furthermore, χ 2 is heavier than χ 1 so that the former subsequently decays into lighter states including the latter and visible SM particles, which is reminiscent of typical cascade decay signatures in collider experiments. The expected signal, therefore, involves a recoiling of target material and (visible) decay products from the secondary process of χ 2 [27] . We first find that this feature is clearly distinctive from high energetic neutrino signatures in DM detection. [58] Model framework. To validate the DM scenario explained above, we first delineate a DM model framework which contains the cascade process depicted in Fig. 1 . Employing a Dirac fermionic DM χ 1 for simplicity, we assume that it interacts with target SM particles (e.g., electron or nucleus) via a t-channel exchange of the mediator φ. As stated earlier, we further assume that the outgoing dark sector particle is not χ 1 but a heavier unstable particle χ 2 (i.e., m χ2 > m χ1 ). In principle, the mediator φ can be either a SM or a new physics particle, but we take a "dark" gauge boson X µ for simplicity from the following toy model Lagrangian with a dark U(1) X gauge symmetry:
where the first term describes the kinetic mixing between U(1) X and U( off-diagonal gauge interaction of χ 1 and χ 2 with X µ appears in the second term with coupling g 12 . We expect that such a vertex may arise, e.g., from the mixing in the dark sector after imposing different U(1) X charges to χ 1 and χ 2 (see also Ref. [35] for the mixing in the SM quark sector with a U(1) symmetry). More concrete model building including other possible scenarios (e.g., Higgs portal) will be available in our future work [36] . The heavier nature of χ 2 renders its decay eventually into χ 1 plus SM or other (invisible) dark sector particles. Such a decay, in general, proceeds via a sequential cascade process as symbolized by a red-circled blob in Fig. 1 . Hence, the expected signal event is featured by a recoil of the target SM particle, accompanying secondary signatures from the cascade decay process. As a minimal choice, we take a single-step cascade decay of χ 2 throughout this letter, i.e., χ 2 decays back into χ 1 and φ by the interactions in Eq. (1) .
We first calculate the matrix element squared for the process χ 1 T → χ 2 T with T being the associated target:
Here M 0 and M 1 are defined as follows:
where δm χ ≡ m χ2 − m χ1 and E χ 1(2) is the χ 1(2) energy measured in the laboratory frame. [59] For the two form factors F 1 and F 2 , we set them to be 1 and 0 for the electron target (or e-scattering), whereas we employ nontrivial values as per Ref. [37] for the proton target (or p-scattering) together with the proton anomalous magnetic moment κ = 1.79. Kinematic features. We now discuss interesting kinematic features arising in the model framework discussed earlier. Like ordinary colliders, the maximum mass reach of χ 2 is √ s − m T with √ s being the overall center-of-mass energy (i.e., s = m
If χ 1 is much heavier than the target (i.e., m χ1 m T ) along with a decent boost γ χ1 [60] , the above relation is approximated to
to which our e-scattering corresponds. On the other hand, the opposite limit, m χ1 m T , results in
FIG. 2:
Expected unit-normalized energy spectra of the recoiling target particles from the primary vertex (left panels) and outgoing mediators from the secondary vertex (right panels) for e-scattering (top panels) and p-scattering (bottom panels). The reference masses are in unit of GeV.
allowing us to probe much heavier dark sector states than the incoming DM, which is possible for p-scattering.
We next discuss the expected energy spectra of the recoiling target and the visible particles from the secondary vertex. In the laboratory frame, the differential cross section is
where E T is the energy of the recoiling target and
is expressed in terms of E T = E χ1 + m T − E χ2 . Note that the recoil energy in usual direct detection experiments corresponds to the magnitude of the spatial momentum (equivalently, the kinetic energy) of the recoiling target, i.e., p T = E 2 T − m 2 T . We find that kinematically allowed maximum (minimum) recoil energy E
where [38, 39] but phenomenologically well-motivated [1, 2, 25-29, 40, 41] . Note that the differential cross section is greater for the smaller momentum transfer as expected in Eq. (2) .
The spectral behavior in the distribution of φ energy E φ , in principle, depends on the relevant vertex structure. In our toy model, due to the vector-like nature of the mediator coupling, χ 2 is produced in an unpolarized way, so that it can be treated effectively as a scalar. For a simple two-body decay, the energy spectra of decay products have been extensively examined in the context of collider phenomenology [42] [43] [44] [45] [46] [47] [48] and cosmic-ray phenomenology [14, 15, 22, 23, 49] . For generality, we consider the case that m φ is not negligible, finding the following expression based on the formulation in Ref. [47] :
where E * φ is the φ energy measured in the χ 2 rest frame. The detailed expressions for the integral range are not illustrative, so we instead refer to Refs. [36, 47] . Here the boost distribution of χ 2 , dσ/dγ χ2 , can be easily obtained from the χ 2 energy spectrum, which is, in turn, derived from Eq. (8) with E T replaced by E χ1 + m T − E χ2 .
The expected (unit-normalized) energy spectra of φ produced in the cascade process for our reference points are exhibited in the upper-right panel (e-scattering) and the lower-right panel (p-scattering) in Fig. 2 , respectively. For the chosen reference points, we find that E χ2 values are highly localized towards the kinematic endpoint, and therefore, the resulting φ energy spectrum appears almost box-like. In practice, the energy of φ can be measured from its visible decay products. Throughout this letter, we assume that the mediator φ predominantly decays into e + e − . We then find the decay χ 2 → χ 1 φ → χ 1 e + e − occurs within at most 1 cm for our reference points, which is below the detector resolutions identifying separate vertices (e.g., a few cm for DUNE [53] ). Depending on m φ and , one may also consider an appreciable displaced vertex in the decay χ 2 → χ 1 e + e − which can be observed at detectors with high vertex-position resolution (e.g., DUNE and SHiP) [36] . In either case, a signal event is characterized by a recoiling target (e or p) and a e + e − pair, so the angular separations among them would be critical to identify the signal events, which will be discussed in the next section.
Detection prospects. Based on the signal features discussed so far, we are now in the position to assess the detection prospects of our signal. In order for our signal to be sensitive even with small flux, we choose large volume neutrino detectors: Super-Kamiokande (SK), Hyper-Kamiokande (HK), and Deep Underground Neutrino Experiment (DUNE) where the latter two are future proposals. We summarize their key attributes in Table I .
While we do our analysis having in mind a BDM type scenario for obtaining boosted DM, we again emphasize that fixed target experiments (e.g., LBNF/DUNE [53] , SHiP [54] , and T2HKK [55] ) are alternative sources [36] .
The energy and angular resolutions for e-scattering are usually better than those for p-scattering, especially in SK/HK. This is because large momentum transfer above m p = 0.938 GeV is required for the recoiling proton to produce Cherenkov radiation (p p 1.07 GeV for SK/HK [50] ). Note that this requirement is rather relaxed in liquid Ar TPC detectors like DUNE. Reminding the trend that the differential cross section is larger for smaller momentum transfer, one can expect that escattering is preferred over p-scattering in SK/HK if focusing only on the recoil signal. For p-scattering, we further restrict ourselves to p p 1.8 GeV to avoid the possibility of deep inelastic scattering.
As stated before, observation of the secondary cascade signal plays the key role in discovery of our DM signal. We point out that the visible particles are often collimated due to the large boost of the incident DM. Therefore, unambiguous signal identification depends on what extent we can separate those (highly) collimated signals beyond the angular resolutions of the detectors. Defining θ χ2 as the angle between the recoiling target and χ 2 in the laboratory frame, we obtain
The value θ χ2 roughly determines the angular separation between the primary and secondary signals when χ 2 , φ, and the decay products (e + e − ) are highly collimated. This is true for e-scattering as shown in the left panel of Fig. 3 . The red solid and blue dashed lines (temperaturescaled bands) show the angle between the recoiling target and χ 2 (φ), from which we clearly see that χ 2 and φ are collimated. We further check that the angular separation between e + and e − from the φ decay are mostly within 1.5
• as shown in the right panel of Fig. 3 . Adopting the angular resolution 3
• for SK/HK, we find that our reference point e-ref.2 manifests two separable signatures for most momentum values of the recoiling electron p e ∈ [0.1, 0.3] GeV (see also Table I ). [61] On the other hand, larger angular separation is possible for our p-scattering reference points because E χ1 , m p , and m χ2 are roughly of the same order so that typical χ 2 's are neither too boosted nor too aligned along the recoiling proton direction. In addition, we observe that the opening angle of φ decay products (defined as Θ ee ) gets larger. Given a mediator boost factor γ φ , we find
where θ is the emission angle of one of the decay products with respect to the φ boost direction in the φ rest frame. Here we took the fact that m φ m e for all our reference points. It is easy to see that the opening angle is greater than 6
• for all possible θ as far as γ φ 20. We then find that our reference points selected for p-scattering are anticipated to have three resolvable signatures in most of the allowed phase space, whereas those for e-scattering would involve two signatures. This is an unarguable advantage of p-scattering although the cross section is smaller than that for e-scattering.
In both e-scattering and p-scattering cases, we expect to observe two or three separate signatures, which are not expected in usual neutrino scattering. So it is fair to obtain the experimental sensitivity by requiring three signal events which correspond to the 95% C.L. upper limit under the assumption of a null observation over a null background with Poisson statistics (see also Refs. [56, 57] for the related discussion), while we leave more systematic background analysis to the future work. We list the minimum required fluxes of χ 1 making our reference points sensitive in SK, HK, and DUNE in [12, 13] or fixed target experiments with much higher intensity [36] . Note that the sensitivities in HK 1-year is much better, compared to SK 13.6-year, mainly due to the bigger volume. For p-scattering we observe that the sensitivities increase in DUNE due to its remarkably lower E th p . We finally conduct a parameter scan to check the viability of our signal processes in a wider range of space. Fixing m φ = 0.03 (0.2) GeV, = 3 × 10 −4 , and g 12 = 0.5, we obtain the allowed parameter region [62] (DUNE). The black contours represent the maximally accessible m χ2 for a given set of m χ1 and γ χ2 (see Eq. (5) as well). Minimally required χ 1 fluxes for our signal to be sensitive in each experiment are an order of magnitude smaller than (of the same order as) those for e-scattering (p-scattering) in Table II . The red "X" points denote the reference points: e-ref.1 and p-ref. 1 .
Conclusions and outlook. In this letter, we proposed a novel DM detection strategy for the models with non-minimal dark sector involving a heavier unstable particle. Once boosted DM inelastically scatters off target material and produces a heavier dark sector particle, secondary signatures may arise in associated with the target recoil, as shown in Fig. 1 . This signal feature clearly differs from relativistic neutrino scattering events, which offers a new paradigm in probing non-minimality of the dark sector. We also investigated the detection prospects of relevant DM signals at large volume neutrino detectors, and found promising. Similar analyses will be straightforwardly applicable to future fixed target experiments.
It is possible to study more complicated signatures such as multi-step cascade decays although we employed the simplest secondary process in this letter. Furthermore, we expect proactive utilization of the knowledge from collider phenomenology due to the similarity of the proposed DM scenario with typical collider signatures, when detectors are designed and implemented accordingly in the future. As a concluding remark, we strongly encourage DM-related intensity-frontier collaborations (e.g., LBNF/DUNE, SHiP, and T2HKK) to pay their attention to the proposal in this letter as possible physics to pursue.
